Thermal conductivity and interfacial conductance of AlN particle reinforced metal matrix composites
We report the results of time-domain thermoreflectance (TDTR) experiments that examine the ability of Fourier theory to predict the thermal response in single crystals when heater dimensions are small. We performed TDTR measurements on Al-coated diamond, 6H-SiC, GaP, Ge, MgO, GaAs, and GaSb single crystals with a wide range of laser spot size radii, 0.7 lm < w 0 < 12 lm. When the laser spot-size is large, w 0 % 12 lm, TDTR data for all crystals are in agreement with predictions of Fourier theory with bulk thermal conductivity values. When the laser spot-size is small, w 0 < 2 lm, there are significant differences between the predictions of Fourier theory and TDTR data for all crystals except MgO. Fourier's law loses predictive power when the temperature-gradient in a crystal varies rapidly over lengthscales comparable to the mean-free-paths of heat-carrying phonons. In such cases, the ratio of the heat-current to temperature-gradient varies in space and is not equal to the bulk thermal conductivity K. [1] [2] [3] For example, Fourier theory does not reliably describe the temperature field in crystals that are heated by sources that have submicron dimensions. 1, [4] [5] [6] The limitations to Fourier theory have practical implications for thermal management in nanoelectronics and optoelectronics. The mean time-to-failure of semiconductor devices that deliver or modulate power is often governed by the operating temperature of components with submicron dimensions. 7 One approach for improving performance of GaN high electron mobility transistors is to bring high thermal conductivity heat spreaders, [8] [9] [10] such as SiC or diamond, close to active semiconducting regions. Currently, designers typically use Fourier theory to evaluate the benefits of high thermal conductivity heat spreaders. 8, 11 However, the accuracy of Fourier theory for describing thermal transport in SiC or diamond when heat sources have submicron dimensions is rarely considered.
Experiments that reveal a breakdown in Fourier theory have been proposed as a type of spectroscopy for determining the distribution of phonon mean-free-paths. 1, [4] [5] [6] 12, 13 However, the number of materials that have been studied in this way is small. 14, 15 Understanding mean-free-path distributions of different materials is important for fields such as thermal management of electronics, 16 thermoelectric, 7 and geophysics 17 because knowledge of mean-free-path distributions enables predictions of how a material's thermal conductivity is altered by defects.
The importance of understanding mean-free-path distributions of different materials has motivated the development of first principles methods for predicting mean-freepaths. [18] [19] [20] [21] [22] First principles methods use ab-initio calculated interatomic force constants to derive the amplitudes of the Normal, Umklapp, and defect scattering processes for a sample of phonons across the Brillouin zone. In pure single crystals, the dominant relaxation mechanism for phonons near the Brillouin-zone center is Normal phonon-phonon scattering, while the dominant relaxation mechanism for phonons near the Brillouin-zone edge is Umklapp phononphonon scattering. 19 The relaxation time of each mode, s q , is calculated iteratively from the Boltzmann transport equation. The starting (zeroth order) solution for s q corresponds to normal processes that are treated as thermally resistive. 21 Upon iteration, this treatment is progressively corrected and s q increases for modes where normal processes are the dominant relaxation mechanism. 18 In diamond at room temperature, assuming Normal processes are resistive is a poor approximation; in Si and Ge, assuming Normal processes are resistive is okay. 18 First principles methods predict significantly different mean-free-path distributions for Si and diamond because of the dramatically different Normal and Umklapp scattering amplitudes; 20, 23 80% of the heat in Si is carried by phonons with mean-free-paths between 0.05 and 8 lm;
20 80% of the heat in diamond is carried by phonons with mean-free-paths between 0.3 and 2 lm.
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Our study accomplishes three goals. First, we verify that the widely used TDTR technique is a robust tool for measuring the thermal conductivity of nonmetallic crystals. Second, we show that with the exception of diamond, the deviations from Fourier theory are consistent with a model that assumes phonon scattering times that decrease quadratically with frequency. Third, we experimentally characterize the anisotropic failure of Fourier theory in SiC and diamond to show that deviations from Fourier theory do not, at the length scales considered here, need to be considered when analyzing the benefits of diamond as an improved heatspreader in RF-devices.
In a TDTR experiment, the thermal response of a sample to a train of pump pulses, periodically modulated at frequency f , is characterized by measuring temperatureinduced changes in the intensity of a reflected probe beam. 24 The data consist of the in-phase and out-of-phase voltages recorded by a Si photodiode connected to a radio-frequency lock-in that picks out the signal components at the pump modulation frequency f of 9.8 MHz. We derive an apparent thermal conductivity for each measurement by fitting the TDTR data with an isotropic heat diffusion model that treats the thermal conductivity of the crystals, K, and interfacial thermal conductance between Al and the crystal, G, as fitting parameters. K A is the value for K that produces the best-fit to the out-of-phase temperature response, T out . The parameter K A for the crystal substrate is a convenient proxy for our data: the dependence of K A on w 0 catalogs how much our measurements deviate from the predictions of Fourier theory. Values of K A that decrease with w 0 indicate that temperature excursion is larger than the prediction of Fourier theory. 1 The Al transducer thickness in our experiments, measured via picosecond acoustics, range from 45 to 90 nm. Thinner transducers were used for crystals with lower thermal conductivity, e.g., GaSb, to ensure the majority of in-plane heat diffusion occurs in the crystal substrate, not the transducer.
Measurements of K for eighteen elemental metals originally demonstrated TDTR's accuracy. 25 However, as summarized above, multiple recent studies report that thermal conductivities of nonmetallic crystals derived from TDTR, and the related technique of frequency domain thermoreflectance, can deviate from accepted bulk values because of mean-free-path effects. 26, 27 These results raise concerns regarding the robustness of TDTR measurements. Therefore, we recognized the need for systematic experiments examining the ability of TDTR to accurately measure a wide range of K for nonmetallic crystals. Our measurements with w 0 ¼ 12 lm confirm that TDTR is a robust tool for measuring K of nonmetallic single crystals, see Fig. 1 .
TDTR measurements on diamond, SiC, GaP, Ge, GaAs, MgO, and GaSb with varied laser spot-size, 0.7 lm < w 0 < 12 lm, allow us to examine whether significant differences exist between phonon mean-free-path distributions of different crystals because the difference between K A ðw 0 % 12 lmÞ and K A ðw 0 % 1 lmÞ depends on the spectral distribution of the crystal's thermal conductivity. 1, 15, 28 Assuming an isotropic dispersion relation, i.e., xðqÞ ¼ xðjqjÞ, the spectral distribution of the thermal conductivity is
where
n is the Bose-Einstein occupation number, v is the group velocity, D is the density of states, s is the phonon scattering time, and x is the phonon frequency. The frequency dependence of kðxÞ is primarily determined by the product of DðxÞv 2 ðxÞ and sðxÞ. For a given phonon polarization branch, it is informative to consider separately the frequency dependence of kðxÞ for phonons near the Brillouin-zone center, where the group velocity is approximately constant, and phonons near the Brillouin-zone edge, where the group velocity displays a strong frequency dependence.
Near the Brillouin zone center, the dependence of DðxÞv 2 ðxÞ on frequency is approximately quadratic. If the frequency dependence of the phonon scattering rate for heatcarrying phonons near the Brillouin zone center is approximated as sðxÞ / x Àn , then the frequency dependence of kðxÞ is given by hx@n=@Tx 2Àn . The hx@n=@T term is % k B for hx < k B T(equipartition) and then decreases monotonically with frequency.
For phonons nearer the Brillouin zone edge, two factors cause kðxÞ to decrease more rapidly with increasing frequency than near the zone center. First, phonon group velocities tend towards zero. Second, the increased importance of Umklapp and isotope scattering causes sðxÞ to decrease more rapidly with increasing frequency than that of phonons near the zone center. 19 For simplicity, in the discussion below we neglect the difference in frequency dependence that kðxÞ possesses near the zone center and zone edge. However, we include effects from isotope scattering and reduced group velocities in our modelling.
Assuming the frequency dependence of kðxÞ is well approximated by hx@n=@Tx 2Àn , if n % 2, the thermal conductivity is spectrally flat, i.e., all phonons carry a comparable amount of heat. A spectrally flat thermal conductivity corresponds to a thermal conductivity accumulation function that spans approximately two orders of magnitude, e.g., 50 nm to 4 lm in Si. 1, 28 Alternatively, if n < 2, the spectrum is weighted towards higher frequency phonons and the accumulation function is narrower than two-orders of magnitude and shifted towards shorter mean-free-paths than if n ¼ 2. If n > 2, the spectrum is weighted towards lower frequency phonons and the thermal conductivity accumulation is broader than two-orders of magnitude and shifted towards longer mean-free-path phonons than if n ¼ 2.
In a prior work, we showed that, together with a ballistic/diffusive model for thermal transport, a phenomenological expression for the phonon relaxation time of the form,
is consistent with the thermal response observed in TDTR measurements of Si with micron laser spot-sizes. 1 The first term on the right of Eq. (3) approximates phonon-phonon scattering while the second term approximates isotope scattering. D BVK is a realistic density of states as predicted by Born-von-Karman lattice dynamics models, c i is the isotope concentration, M is the mean atomic mass, DM is the difference between the isotope mass, M, V is the volume per atom, and B is the polarization dependent scattering strength. The inclusion of isotopic scattering in Eq. (3) results in an accumulation function that is slightly broader than if isotopic scattering is neglected; however, the phonon-phonon scattering term is dominant in the materials studied here and the frequency dependence of s is primarily determined by n. As discussed above, Normal and Umklapp scattering processes combine in a nontrivial manner to form an effective phonon-phonon scattering rate. 29 Numerous phenomenological models have been proposed to account for the inability of momentum conserving Normal scattering to relax a heat-current sans other scattering processes. 30 Here, we use a phenomenological form for the effective phononphonon scattering rate that does not attempt to differentiate between Normal and Umklapp processes because TDTR cannot experimentally distinguish between Normal and Umklapp scattering. Instead, TDTR with small laser spotsizes can test whether a model's prediction for kðxÞ is too heavily weighted towards low or high frequency phonons. The phonon-phonon scattering term we define in Eq. (3) is convenient because the frequency dependence of kðxÞ and the corresponding mean-free-path distribution width is controlled by a single parameter, n. In other models, such as the Callaway model or its variants, 29, 31 the width of the meanfree-path distribution depends on many factors we cannot experimentally probe, such as Normal vs. Umklapp scattering strengths, the frequency dependence of Normal and Umklapp scattering, and how the Normal and Umklapp scattering processes are combined into an effective phononphonon scattering time. 32, 33 The simple frequency dependence in Eq. (3) is likely adequate for low frequency phonons but overly simplistic for higher frequency phonons. 33 Our ballistic/diffusive model's predictions for K A ðw 0 Þ for w 0 > 0:7 lm are only sensitive to kðxÞ near the Brillouinzone center.
To examine adequacy of Eq. (3) for explaining K A ðw 0 Þ of crystals other than Si, we define relaxation-time-approximation (RTA) models with n ¼ 2 for GaSb, MgO, GaAs, Ge, GaP, SiC, and diamond. We use a second order polynomial to approximate the phonon dispersion. 34 We assume phonons with frequency less than 0.5 THz do not carry significant heat due to Akheizer's damping 35 and Herring processes. 36 The scattering strengths of longitudinal and transverse phonon branches are fixed based on experimental measurements of K. Experimental studies of the impact of mass disorder on K are an experimental probe of how much heat is carried by longitudinal vs. transverse phonons because isotopic mass disorder scattering has a strong and well understood frequency dependence. Therefore, we fix the ratio of scattering strengths for transverse and longitudinal phonons by requiring our model to accurately predict the effect of isotopic and Ge mass disorder on the thermal conductivity of Si. To ensure the kðxÞ predicted by our models for different materials are structurally similar, we keep the ratio of transverse to longitudinal scattering strengths constant for all materials. Finally, we fix the longitudinal scattering strength of each crystal with literature values for K. For SiC, we used the root-mean-square of the thermal conductivities perpendicular and parallel to the c-axis to fix the scattering strength. Figure 2 shows the resulting predictions for the thermal conductivity accumulation function of each crystal.
Multiple prior studies of diamond's thermal properties suggest that the mean-free-path distribution in diamond is narrower than in other crystals, e.g., Si. A first-principles calculation of diamond's thermal conductivity predicts a narrow accumulation function. 20 Experimental studies report that carbon isotopes reduce the thermal conductivity of diamond by 30%, while Si isotopes reduce the thermal conductivity of Si by only 9%. 37, 38 A large isotope effect is consistent with a kðxÞ weighted towards high frequency phonons because mass disorder preferentially suppresses the heat-carried by high frequency phonons. Finally, the thermal conductivity of polycrystalline diamond often closely approaches the thermal conductivity of single crystals. 39 If 50% of the heat is carried by phonons with mean-free-paths in excess of 2 lm as our n ¼ 2 RTA model predicts, grain boundaries would have a larger effect than is observed. For these reasons, we also define a model for diamond with n ¼ 1 that predicts a narrower accumulation function, see Fig. 2 . The isotope effect predicted by our RTA model for diamond increases from 9% to 24% when n is decreased from 2 to 1. With n ¼ 1, our model predicts 80% of the heat is carried by phonons between 0.3 and 3 lm, comparable to a first-principles prediction of 0.3-2 lm. 25% for SiC, see Fig. 3 . (K A of MgO decreases $10% with decreasing w 0 , however the decrease is comparable to our error bars of 10% for all materials at w 0 % 1 lm.) For all of the crystals but diamond, the predictions of the ballistic/diffusive model are consistent with the TDTR data. Our data suggests any differences that exist between the mean-freepath distributions in SiC, GaP, Si, GaAs, Ge, and GaSb do not prevent Fourier theory from breaking down similarly at submicron length-scales.
For diamond, we observe much smaller deviations from Fourier theory than our theoretical calculations predict with n ¼ 2, indicating n < 2. In other words, K A ðw 0 Þ of diamond suggests the spectral distribution of diamond's thermal conductivity is weighted towards high frequency phonons. Theoretical predictions based on an n ¼ 1 scattering rate are in better agreement with our TDTR measurements, see the dashed dotted line in Fig. 3 .
To better understand the deviation between our TDTR measurements of SiC and diamond and the predictions of Fourier theory, we performed beam-offset measurements and derived apparent in-plane thermal conductivity values for these materials at several laser spot-sizes, see Fig. 4 . For details of TDTR beam-offset measurements, see Refs. 1, 40, and 41. The in-plane direction for the SiC measurement is the a-b plane of the hexagonal crystal. Consistent with our prior work on Si, the majority of the difference between K A ðw 0 < 2 lmÞ and K A ðw 0 % 12 lmÞ for SiC and diamond is due to a failure of Fourier theory in the in-plane direction.
of bulk values. We previously posited that a suppressed value for K r at small laser spot size is partially due to interfacial phonon scattering and partially due to spot-size effects. 1 The effect of interfacial phonon scattering should not depend strongly on w 0 . Therefore, measuring K r with a large w 0 enables us to separate these two effects experimentally. Previously, we were unable to do this for Si because our measurement lost sensitivity to K r of Si when w 0 > 3 lm. Here, the high thermal diffusivity of diamond allows us to measure a K r ¼ 2100 W m À1 K À1 at w 0 % 5 lm. We speculate that, in diamond, %10% of the observed reduction in K r relative to the bulk thermal conductivity is due to interfacial-phonon scattering, while the larger deviations observed at w 0 < 5 lm are due to the dimensions of the heater becoming comparable to the dominant phonon mean-free-paths.
We conclude by discussing the implications of our study for ongoing efforts to use SiC and diamond as heat spreaders. 42 Our results indicate that a breakdown of Fourier theory is not an important consideration for this thermal management problem for three reasons. First, the magnitude of the ballistic/diffusive effects will be smaller in CVD polycrystalline diamond than for single crystal diamond because phonon scattering by grain-boundaries reduces the amount of heat carried by long mean-free-path phonons. Second, at least for high electron mobility GaN devices, the substrate thermal conductivity is a major factor in thermal performance only when the active region undergoing self-heating has dimensions exceeding 1 lm. 8 When dimensions are less than 1 lm, thermal performance is largely determined by the thermal conductivity of the GaN. 8 Finally, one motivator for making devices with submicron dimensions is to increase the device density. For a sufficiently high areal density of heatsources, a significant in-plane temperature gradient will not exist. In the absence of an in-plane temperature gradient, the predictive power of Fourier theory in the in-plane direction is unimportant. 
